ABSTRACT DNA methylation has been correlated with reduced gene expression in a number of studies, although evidence for a causal link between the two events has been lacking. Because microinjection of simian virus 40 (SV40) DNA into the nucleus of Xenopwu laevis oocytes results in the synthesis of both early and late viral gene products, it was possible to test whether a specific methylation event can affect gene expression. The single SV40 Hpa H site at 0.72 SV40 map units was specifically methylated with Hpa H methylase. When this DNA was injected into oocytes, there was a marked reduction in the synthesis of the major late viral capsid protein VP-1, relative to the synthesis by an unmethylated control. However, production of the early proteins (the large and small tumor antigens) was not affected by Hpa II methylation. Therefore, methylation at a single site on the viral DNA located near the 5' end ofthe late region can specifically repress late gene expression. The possible mechanisms by which this repression is mediated are discussed.
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The only modified base in eukaryotic DNA is 5-methylcytosine (for review, see refs. 1 and 2). This modification occurs in the DNA of a wide variety of species, from bacteria through vertebrates and plants, which suggests that it may function in gene regulation. The major 5-methylcytosine residue in eukaryotic DNA is located in the dinucleotide sequence C-G. Restriction enzymes Hpa II and Msp I both cleave the sequence C-C-G-G. However, the former cleaves the sequence only if the C-G is unmethylated whereas the latter will cut the sequence in either state. By using the Southern blotting procedure to compare the restriction patterns of DNA cleaved with one or the other enzyme, it is possible to locate methylated C-C-G-G sites in genomic DNA. In this way, a strong correlation between gene activity and the state of DNA methylation has been demonstrated in various systems. For example, tissue-specific differences in the methylation patterns of chicken (3) and human (4) globin, ovalbumin (5) , and viral (6, 7) DNA have been observed which suggest that actively expressed genes are under-methylated. This is supported by the observation that actively transcribing chromatin is under-methylated relative to methylated transcriptionally inactive chromatin (8) .
The experiments in this study were further prompted by the strikingly nonrandom fashion in which C-G residues are arranged on the simian virus 40 (SV40) genome (Fig. 1) . Nineteen of the 27 C-G residues are located between 0.66 and 0.75 map units, a region comprising <10% of the viral genome. This region delineates the sequences that form the nucleosome-free "gap" region that has been identified in SV40 minichromosomes (9) (10) (11) and contains the majority of the known regulatory sequences of the viral genome including the origin of replication (reviewed in ref. 12) , the early (13, 14) and late (15, 16) region promoters, and the 72-base-pair repeat sequence (17) that enhances transcription. In contrast, in the remaining 90% of the genome, which exists as a regular nucleosome-containing structure in the viral minichromosome and which contains the protein encoding sequences, there is a relative dearth (8 of 27) of C-G residues.
Both late (capsid protein) and early (tumor antigen) viral gene products are expressed after SV40 DNA is microinjected into Xenopus laevis oocyte nuclei (18, 19) . The use of Hpa II methylase, which methylates the C-G sequence in the single SV40 Hpa II cleavage sequence C-C-G-G at 0.72 SV40 map units ( Fig. 1 (20) except that the Bio-Gel column was replaced by a Sephadex G-100 column and the elution buffer contained 0.5 M NaCl rather than 1.0 M NaCl. The methylase was free of Hpa I methylase activity. Form I SV40 or pBR322 DNA remained >75% supercoiled after incubation with the enzyme. Methylated DNA could be digested with EcoRI, Hpa I, and Msp I but not with Hpa II whereas control unmethylated DNA was also sensitive to Hpa II digestion (Fig. 2) . Experiments by ourselves and by others (20) the oocytes were washed several times in MB solution and once in water. The water was immediately removed and the oocytes were stored at -700C until used.
Extraction and Immunoprecipitation ofOocyte Proteins. All procedures were performed at 40C. Twenty oocytes were suspended in 1.0 ml of 0.1 M Tris HCI/0. 1 M NaCl/5 mM KCI/ 1 mM CaC12/0.5 mM MgCl2/0.7 mM Na2HPO4, pH 9.0/ 0.5% Nonidet P.40 (19) . After disruption by 10 strokes of a Dounce homogenizer with a loose-fitting pestle, the homogenate was sonicated for 1 min with a Branson L575 Sonicator, kept on ice for 20 min, and then centrifuged at 15,000 x g in an Eppendorf centrifuge for 15 min. Aliquots (5 ,l) of the supernatant were stored for direct analysis on polyacrylamide gels, and the remainder was immunoprecipitated with the appropriate antiserum. For immunoprecipitation of capsid proteins, 250-,ul aliquots from a 1.0-ml extract of 20 oocytes were incubated for 1 hr with 10 p1 of rabbit anticapsid antiserum or nonimmune rabbit serum. This was followed by binding the antigen-antibody complex to formaldehyde-inactivated S. aureus according to published procedures (24) . For immunoprecipitation of the tumor antigens, 500-Il aliquots of 1.0-ml extracts of oocytes were incubated with 20 Al of normal hamster serum for 16 hr. After addition of 100 A.l of formaldehyde-inactivated S. aureus for 30 min followed by centrifugation at 10,000 X g for 2 min to remove the immune complexes, the supernatant was divided into two 250-1.l aliquots to which was added either 10 Al of hamster anti-SV40 T antigen antiserum or nonimmune hamster serum for 1 hr, followed by precipitation with 50 A.l of S. aureus bacteria. In all cases, polypeptides were released from immune complexes by heating in electrophoresis sample buffer and analyzed by polyacrylamide gel electrophoresis as described (24) . RESULTS SV40 Gene Expression in X. laevis Oocytes. Microinjection of SV40 form I DNA into the nucleus or germinal vesicle of X. laevis oocytes has been shown to result in expression of the major capsid protein (VP-1) (18) and of the T antigen and small tumor antigen (t antigen) (19 (Fig. 3) . It was also possible, at the higher DNA concentrations, to identify the minor capsid proteins VP-2 and VP-3 among the proteins specifically immunoprecipitated with anticapsid antiserum (data not shown). One of the major problems encountered in these oocyte microinjection experiments, and described previously (25) specific methylation event on viral gene expression. When Hpa II methylated SV40 DNA was microinjected into the oocyte germinal vesicle, a marked reduction in VP-1 synthesis was observed, compared to the unmethylated control (Fig. 3) . The inhibitory effect was less at higher concentrations of microinjected DNA. This could be explained if there were a small (<5%) amount of DNA remaining unmethylated by the Hpa II methylase, which, as the concentration ofmicroinjected DNA increased, contributed proportionally to the normal gene expression, and thus masked the methylation-induced inhibition. The total pattern of endogenous oocyte protein synthesis remained unaffected by the concentration or methylation state of microinjected SV40 DNA.
The effect of DNA methylation on VP-1 synthesis led to the obvious question ofwhether the early viral gene expression was similarly affected. Groups of 20 oocytes were microinjected with Hpa II-methylated or nonmethylated DNA. After incubation ofoocytes in 3[S]methionine, extracts ofoocyte proteins were divided into two parts and then immunoprecipitated with anticapsid of antitumor antiserum. Hpa II methylation caused reduced expression ofVP-1, in a particularly striking fashion at low concentrations of DNA (0.25 ng injected per oocyte) (Fig.  4) . However, synthesis ofboth T and t antigens was unaffected by DNA methylation in these same groups of oocytes. As first described by Smith et aL (27) , some anti-SV40 T antigen antisera immunoprecipitate minor quantities of VP-1. The antiserum used in these experiments was previously noted to have this property in early studies in this laboratory (28) . As shown in Fig.  4 , lane b, there was a small amount of VP-1 in the anti-T antigen immunoprecipitate of extracts of oocytes that had received unmethylated DNA, but it was absent from extracts ofoocytes that had received methylated DNA (lane a). This confirms the observation that VP-1 synthesis is affected by Hpa II methylation whereas tumor antigen synthesis is not. Densitometer tracings ofthe autoradiogram of VP-1 and T antigen showed that, in the same group of oocytes in which T antigen was not detectably affected by Hpa II methylation, VP-1 synthesis was reduced by 80% (Fig. 5) . DISCUSSION SV40 DNA methylated at a single C-G residue at 0.72 map units yields much less VP-1 than do similar quantities ofmock-methylated DNA after microinjection into X. laevis oocyte nuclei. Despite its marked effect on late gene expression, this modification does not alter the amount of T and t antigens synthesized in the same oocytes. In addition to demonstrating the specificity of the methylation effect, the unchanged pattern of early viral gene expression provided a crucial internal control for the result obtained with the late viral protein synthesis. It confirms that identical amounts of DNA were injected in each case, that methylated DNA was not preferentially degraded after injection, and that the results were not due to the variability among animals or oocytes in their response to microinjected viral DNA. Although the mechanism by which methylation specifically reduces late gene expression is not known, various possibilities can be suggested, and all of them imply altered protein-DNA interaction. The SV40 Hpa II site occurs downstream of the late promoter but falls within the region in which 5' cap sites of late mRNA synthesized in infected monkey cells have been mapped (Fig. 1) . Thus, although Hpa II methylation is not likely to affect directly the binding of RNA polymerase to the late promoter, there may be a subsequent effect on the initial stages of RNA polymerization. Because some methylated residues have been identified in actively transcribed genes (1) , an effect on RNA polymerase-DNA interaction may be sequence-specific. This can be tested directly by analyzing the effects of methylating other SV40 sequences. Another mode by which methylation may influence gene expression in oocytes may be alteration in viral chromatin structure. Viral DNA has been shown to be assembled into chromatin after microinjection into X. laevis oocyte nuclei (29) . Although the existence of the nucleosome-free gap observed in viral minichromosomes isolated from infected monkey cells has not yet been reported in X. laevis oocytes, the similarity of the viral gene expression observed in oocytes to that in monkey cells suggests that the chromatin structure may be similar in both cases. Because there is a relatively great abundance of C+G residues in the region of the genome where the nucleosomefree gap has been mapped ( Fig. 1) , there may be a link between minichromosome structure and methylatable sequences. One likely contributing factor to the gap structure is the binding of the viral T antigen to the ori sequences (30, 31) in minichromosomes. Viral DNA is not replicated in oocytes, but preliminary evidence suggests that T antigen autoregulates early mRNA synthesis in a similar fashion to its role in lytic infection (unpublished data). However, because the C+G-rich sequences of the gap extend beyond the T antigen-binding sites (32, 33) in the lateward direction, it is possible that cellular regulatory proteins also may have specific affinity for this region in a fashion that may or may not be influenced by the presence of T antigen at the origin. Thus, the possibility exists that methylation may interfere with the ability of nonhistone proteins to bind to viral DNA. Alternatively, it can be suggested that methylation directly affects nucleosome phasing, which may then influence rates of transcription. This effect would be localized because expression of the early region is unaffected by methylation at this site. Preliminary results have failed to show an effect of Hpa II methylation on transcription by RNA polymerase II when assayed in an in vitro transcription system (34) . This strengthens the idea that methylation affects chromatin structure because the majority of templates in the in vitro transcription system exist as naked DNA. DNA methylation studies have shed light upon the complex question of gene regulation in eukaryotes. Actively expressed genes appear to be under-methylated and unexpressed regions of the genome are relatively hypermethylated. Other lines of evidence support the idea that methylation is related to decreased gene activity. Methylated DNA is severalfold less efficient in DNA-mediated gene transfer experiments than is nonmethylated DNA (20, 35) . The correlation of methylation with gene regulation has led to theories that methylation functions in cell differentiation. Because mammalian sperm DNA has been shown to be hypermethylated (36) (37) (38) , the current 5146 Biochemistry: Fradin et al. hypothesis is that, during development, demethylation of specific sequences is responsible forthe active state ofunique genes in specialized tissues (1) . Although the question of the initial developmental decision regarding unique demethylation events remains unanswered, the methylation studies provide a theoretical basis for explaining ongoing expression of differentiationspecific genes. Thus, it has been established that methylation patterns exist and are inherited (20, 35) and that there are methylases (39) that presumably serve the function of maintaining the methylated sequences through cell division and through the development of the animal.
Recently attention has focused on the existence and properties of the Z form of DNA (40) . This conformation may be a transcriptionally inactive form of DNA because it has been shown that anti-Z-DNA antibodies react specifically with the interband region of polytene chromosomes (41) . That methylation at the C-5 position of poly(dC-dG) results in its conversion from B form to Z form at physiological salt concentrations (42) suggests that methylation may influence the B-to-Z transition and, in this manner, repress gene activity.
Analysis of the methylation state of integrated and nonintegrated viral genes has been particularly supportive of these ideas. Sutter and Doerfler (7) have shown that adenovirus type 12 DNA integrated into the genome of transformed cells is extensively methylated at Hpa II sites whereas purified virion DNA is not. Furthermore, adenovirus genes integrated in cell lines expressing late viral proteins are under-methylated compared to the state of these genes in cell lines that do not synthesize these products. Results of a similar nature have been observed by Jaenisch et aL (43) with Moloney leukemia virus genomes in which endogenous retroviral DNA is highly methylated and is unexpressed whereas exogenous DNA from superinfecting virus is unmethylated and infectious. In another study (44) they have found that genomic mouse liver DNA containing hypermethylated Moloney murine leukemia virus is markedly less infectious than comparable quantities of proviral DNA cloned in a bacterial vector, which was thus unmethylated.
At present, the situation regarding the state of methylation of integrated compared to nonintegrated SV40 DNA is not well defined. Hpa II-methylated SV40 DNA functions as well as unmethylated DNA in transfection of monkey cells to produce progeny virus. Progeny DNA, however, is unmethylated (S. Weissman, personal communication). Thus, it is not yet clear whether or not methylation plays a role during lytic infection. For example, SV40 DNA may become methylated early after infection, thereby repressing late gene expression. As the infection proceeds, methylation might be reversed, either actively by a specific demethylase or passively by DNA replication. Therefore, although oocytes are useful for studying the causal link between methylation and reduced gene expression, it is of considerable importance to identify similar patterns of methylation or lack of methylation in both SV40-infected and transformed cells.
Note Added in Proof. While this manuscript was in preparation, we learnedcofsimilar results obtained by Vardimon et aL (45) which showed that Hpa II methylation of a cloned adenovirus gene inhibited its expression after microinjection into X. laevis oocytes.
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